Vegetables and fruits rich in flavonoids are effective for preventing cancer, heart disease and oxidative DNA damage. [1] [2] [3] Consequently, many physiological functions of flavonoids, such as their preventive effects on cancer, cardiovascular disease, liver injury and oxidative stress, neuroprotective effects, and hypoglycemic effects, have been investigated and reported, [4] [5] [6] [7] [8] [9] [10] [11] and the bioavailability, absorption from the gastro-intestinal tract, and metabolism of flavonoids have been examined in relation to their function. [12] [13] [14] However, few reports have been presented on the precise relationship between the chemical structure of dietary flavonoids and their bioavailability or functions. Therefore, it is very important to determine the relationship between the chemical structures and physiological functions in order to know which structures are more important for preventing disease.
In this study, two flavonoids with a glucose moiety at different positions in the hydroxyl group were isolated from leaves of atsumi-kabu (red turnip, Brassica, campestris L.). The preventive effects of the isolated flavonoids on carbon tetrachloride-induced liver injury were compared in mice in order to determine which chemical structure was important to mitigating liver injury. Although liver injury is known to be induced by such reagents as carbon tetrachloride and galactosaminelipopolysaccharide, the former reagent was used in this experiment because such flavonoids with radical scavenging activity are considered to be effective to prevent liver injury by scavenging the radicals formed in vivo. The tricloromethyl radical produced from carbon tetrachloride by its dechlorination from the action of cytochrome P450 isozymes is thought to induce the formation of the lipid radical and consecutive lipid peroxidation to finally cause liver cell damage. 15) Leaves of atsumi-kabu (2.7 kg dry weight), which had been dried in a room at about [20] [21] [22] [23] [24] [25] C with ventilation, were extracted with methyl alcohol (MeOH) under reflux. The evaporated extract was dissolved in MeOH and mixed with chloroform and distilled water in the ratio of 0.5:1:2 (v/v/v). After shaking the mixture, a chloroform layer containing chlorophyll was removed, and the remaining layer was concentrated to remove MeOH, before being passed through a Diaion column (Mitsubishi Kasei Co., Japan; 4.6 i.d. Â 30 cm). After washing the column with distilled water, polyphenols in the column were successively eluted with 50% MeOH and MeOH. The combined eluate was concentrated to remove MOH and successively fractionated by silica gel column chromatography, using a mixture of chloroform and MeOH (9:1, v/v) ( Note glucoside by comparing its 1 H-and 13 C-NMR spectra with those of authentic isorhamnetin 3-O-glucoside which had been previously isolated from the leaves of Atsumi-kabu (Brassica campestris L.).
16) The chemical shifts of compound b in the 13 C-NMR spectrum showed almost the same values as those of isorhamnetin 3-Oglucoside in the literature, 15) except that the carbon chemical shift at the C-7 position was to a field about 2 ppm lower than that of isorhamnetin 3-O-glucoside and that the carbon chemical shift due to the glucose moiety connected to the 7 position was almost the same to that of the glucose moiety connected to the 7-position of quercetin 3,7-di-O-glucoside. C for 2 h gave only glucose as the sugar moiety, when the trimethyl-sililyated derivative of the hydrolyzate was analyzed by gas chromatography. Compound b was identified from these results as isorhamnetin 3,7-di-O-glucoside.
1 H-13 C COSY-, DEPT-, DIFNOE-and HMBC-NMR spectra of compound b further confirmed its chemical structure to be that of isorhamnetin 3,7-di-O-glucoside. This compound was isolated from atsumi-kabu for the first time, although its presence has been reported in the Brassica rapa flower. 18) Isolated compounds a and b were used for subsequent animal experiments.
Male ddY strain mice, 8 weeks old and each weighing about 33 g, were purchased from Shizuoka Laboratory Animal Center (Hamamatsu, Japan) and fed on a commercial diet (F-2, Funahashi Farms, Funahashi, Japan) for 2 d before being used in the experiments.
The mice were kept under controlled conditions with a 12-h light and 12-h dark cycle (6:00-18:00 light) in a temperature range of [22] [23] [24] C and a relative humidity of 40-60%.
After being fed on a basal diet (20% casein, 65.5% -cornstarch:sucrose = 2:1 (w/w), 5% corn oil, 3.5% mineral mixture (AIN-93G-MX), and 1.0% vitamin mixture (AIN-93-VX)) for 2 d, the mice were divided into 5 groups: the Control group (4 mice), CCl 4 -treated group (CCl 4 -group; 7 mice), CCl 4 plus isorhamnetin 3-O-glucoside-treated group (Iso 1 groups; 7 mice), CCl 4 plus isorhamnetin 3,7-di-O-glucoside-treated group (Iso 2 group; 7 mice) and CCl 4 plus quercetin-treated group (Quer group; as a positive control; 8 mice). As quercetin is known to show stronger radical scavenging activity than isorhamnetin and their glycosides in vitro, and is present in many foodstuffs, 19) this was used as a positive control.
All the mice were deprived of the basal diet for 8 h before the oral administration of 0.1 ml of a 0.5% carboxyl methyl cellulose (sodium salt) solution to both the control and CCl 4 groups, and of 0.1 ml of a 0.5% carboxyl methyl cellulose solution containing 20 mg of isorhamnetin 3-O-glucoside, 27 mg of isorhamnetin 3,7-di-O-glucoside or 14 mg of querectin to the Iso 1, Iso 2 and Quer groups. Equal molar amounts of flavonoids were administered. Since it has been reported that ddY mice (about 20-25 g) given 5 mg of quercetin by oral administration before an intraperitoneal injection of CCl 4 prevented liver injury, the dose of 20 mg of isorhamnetin 3-O-glucoside may be excessive. 19) However, as the radical scavenging of isorhamnetin as an aglycone of isorhamnetin 3-O-glucoside is weaker than that of quercetin, a dose which have been in excess was used in this experiment. 20) Sixty ml of a CCl 4 solution composed of olive oil and CCl 4 in a volume ratio of 1:1 was intraperitoneally injected 30 min after the oral administration of a 0.5% carboxyl methyl solution with or without each sample (for the CCl 4 , Iso 1, Iso 2 and Quer groups). To the control group, only 30 ml of olive oil was intraperitoneally injected 30 min after oral administration of the 0.5% carboxyl methyl solution. Blood was collected by heart puncture under anesthesia with Nembutal (Dai Nippon Pharmaceutical Co., Japan) 22 h after the injection of CCl 4 in olive oil or 30 ml of olive oil (for the control group).
The alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in the plasma, which had been prepared by centrifuging the blood at 1000 Â g for 15 min, were measured according to the method in the literature. 21) One unit of enzyme activity is defined as the amount of enzyme to transform 1 mmol of substrate per min per liter of plasma (mmol/min/' of plasma at 25 C). For an HPLC analysis of the plasma flavonoids, to the plasma (0.5 ml) was added 0.1 ml of 5% trifluoroacetic acid, before being applied to the top of a Diaion column (1 Â 4 cm). The flavonoids adsorbed to the column were successively eluted with 50% and 100% MeOH, after washing the column with 0.1% AcOH. The combined eluate was evaporated and dissolved in a very small amount of MeOH, before being analyzed as polyphenol fractions by HPLC with the analytical conditions described in the legend to Fig. 3. 
22)
At all times, the mice were cared for according to the institutional guidelines of Yamagata University.
Each value is given as the mean AE standard error. Differences between groups were determined by Fisher's least significant difference method, following a one-way analysis of variance (ANOVA). Significant differences between mean values were inspected at the p < 0:05 level.
A comparison of the suppression of liver injury by isorhamnetin 3-O-glucoside, isorhamnetin 3,7-di-O-glucoside and querectin in CCl 4 -induced liver injury mice is shown in Fig. 2 . Isorhamnetin 3-O-glucoside significantly suppressed increases in the plasma ALT and AST activities induced by CCl 4 , indicating the possibility that isorhamnetin 3-O-glucoside could be effective to mitigate liver injury, but isorhamnetin 3,7-di-O-glucoside was not effective in suppressing such increases in ALT and AST activities. No difference in the plasma ALT and AST activities between the mice administered with isorhamnetion 3-O-glucoside and quercetin may indicate that the free hydroxyl group at the 3-position was not essential to demonstrate the preventive effect against liver injury, if both hydroxyl groups at the 7-and 4 0 -positions were present in the free form. Since it is known that CCl 4 produces CCl 3 as a reactive radical species through the action of cytochrome P450 in hepatocyte microsomes, 23) it may be reasonable to consider that the radical scavenging activity of the administered flavonoid, or its metabolites, was strongly connected with the suppression of liver injury.
HPLC chromatograms of the polyphenol fraction of plasma collected from mice administered with isorham- netin 3-O-glucoside and isorhamnetin 3,7-di-O-glucoside before the injection of carbon tetrachloride, and from mice injected only with carbon tetrachloride are shown in Fig. 3 . The UV and visible absorption spectra of each compound corresponding to peaks 1, 3, 4 and 5, which were measured by a diode array detector (DAD), indicate that each compound was isorhamnetin-related, because each spectrum resembled that of isorhamnetin 3-O-glucoside and isorhamnetin 3,7-di-O-glucoside, except for the UV absorption maximum. The compound corresponding to peak 2, which was found only in the mice administered with isorhamnetin 3-O-glucoside, shows the same retention time and the same UV and visible absorption spectra as these of isorhamnetin 3-Oglucoside, indicating that at least a portion of isorhamnetin 3-O-glucoside was directly absorbed from the gastrointestinal tract without modification. The compounds corresponding to peaks 1, 3, 4 and 5 may be conjugates of isorhamnetin with glucuronic acid and/or sulfuric acid, 24) because the absorption spectra of these compounds resembled that of isorhamnetin 3-O-glucoside, showing absorption maxima at around both 260-275 and 360-380. Although the accurate amount of each flavonoid absorbed from the gastrointestinal tract could not be calculated in this experiment because the plasma used for measuring each compound was collected 18.5 h after its administration, the concentration of plasma isorhamnetin 3-O-glucoside in the mice administered with this was 0.104 mmol/'. It was not detected in the plasma of the mice administered with isorhamnetin 3,7-di-O-glucoside. However, the presence of small peaks of 1, 3, 4 and 5 in the plasma of the mice administered with isorhamnetin 3,7-di-O-glucoside suggest that a portion of isorhamnetin 3,7-di-O-glucoside was hydrolyzed to isorhamnetin 3-O-glucoside in the gastrointestinal tract after its absorption from the gastrointestinal tract, this being followed by the formation of compounds 1, 3, 4 and 5 (corresponding to peaks 1. 3, 4 and 5 on the HPLC trace), although the amounts of these compounds were not enough to prevent liver injury. As the oxygen radical absorption capacity (ORAC) of 1.0 mmol of isorhamnetin 3-O-glucoide, isorhamnetin 3,7-di-O-glucoside and quercetin as positive control measured by the DPPH (1,1-diphenyl-2-picrylhydrazyl) method 25) was equal to 1.0, 0.56 and 1.24 mmol of Trolox, respectively, a portion of the stronger activity of isorhamnetin 3-Oglucoside and quercetin in comparison with isorhamnetin 3,7-di-O-glucoide to mitigate liver injury may have been due to their stronger radical scavenging activity when the absorption ratio of these three compounds was assumed to be equal.
It was indicated in this study, that isorhamnetin 3-Oglucoside, which was present along with isorhamnetin 3,7-di-O-glucoside in atsumi-kabu leaves, was effective to prevent the liver injury induced by carbon tetrachloride in mice, although the latter compound was not effective. This result also indicates that glycosylation of the hydroxyl group at the 7-position in isorhamnetin 3-O-glucoside depressed the ability of isorhamnetin 3-O-glucoside to mitigate liver injury.
